Sensitivity experiments testing two scale-selective bias correction (SSBC) methods have been carried out to identify an optimal spectral nudging scheme for historical dynamically downscaled simulations of South Asia, using the coordinated regional climate downscaling experiment (CORDEX) protocol and the regional spectral model (RSM). Two time periods were selected under the category of short-term extreme summer and long-term decadal analysis. The new SSBC version applied nudging to full wind components, with an increased relaxation time in the lower model layers, incorporating a vertical weighted damping coefficient. An evaluation of the extraordinary weather conditions experienced in South Asia in the summer of 2005 confirmed the advantages of the new SSBC when modeling monsoon precipitation. Furthermore, the new SSBC scheme was found to predict precipitation and wind patterns more accurately than the older version in decadal analysis, which applies nudging only to the rotational wind field, with a constant strength at all heights.
Introduction
South Asia has a diverse climate, the world's highest mountains, and a well-developed monsoon system. Like many other parts of the world, South Asia is increasingly experiencing abnormal climate extremes. "Turn Down the Heat," a report launched by the World Bank [1] , warned that although all nations will suffer from the impact of climate change, the most vulnerable among them would be in sub-Saharan Africa, South Asia, and Southeast Asia. These climate extremes include heavy precipitation, heat waves, tropical cyclones, and droughts. "Stories of Impact," published by the International Finance Corporation (IFC) of the World Bank Group for South Asia (2014), brought attention to the melting glaciers of the Himalayas which pose a great risk of flood outbursts and an increase in sea level. Therefore, coastal countries such as Bangladesh and The Maldives are at great risk. Abnormal monsoon rainfall is also predicted in South Asia (http://www.ifc.org/). These recent reports emphasize the increasing frequency of extreme events in South Asia and encourage further study of this region.
Climate models are designed to deliver hindcast, the study of climate variability, and projections of future climate and to study the impacts of anthropogenic influences. General circulation models (GCMs) with high spatial resolution require large quantities of computational resources and time. Alternatively, high-resolution regional climate models (RCMs) facilitate more rapid and less costly localized climate studies compared to GCMs.
In this work, the regional spectral model (RSM) originally developed at the National Center for Environmental Predictions (NCEP) by Juang and Kanamitsu [2] is 2 Advances in Meteorology applied to the South Asian region with a high resolution. The outcome of this research will contribute to the world climate research program (WCRP), which generates the high-resolution regional information for all land parts of the world. The project under which these efforts are being conducted is known as the coordinated regional climate downscaling experiment (CORDEX). A large community is required to participate in this effort of generating future climate projections for multiple regions of the world (http://wcrp-cordex.ipsl.jussieu.fr). A 50 km resolution is selected for the first phase of this project. This CORDEX-South Asian experiment (CORDEX-SA) using RSM is initiated to identify the optimal spectral nudging scheme for reproducing the summer and winter precipitation of South Asia.
Previous studies demonstrated prevalent issues in climate modeling of the South Asian region. According to Sabin et al. [3] , the South Asian monsoon (SAM) is heterogeneous in both time and space. The findings of Gadgil and Sajani [4] showed the limited performance of coarse-resolution atmospheric GCMs for simulating SAM in the subcontinents. Their findings highlighted the wet precipitation bias over the Equatorial Indian Ocean (EIO), which they attributed to the low resolution of GCMs and inefficient model physical processes, such as moist convection, boundary layer flux, and radiative effects of GCMs.
The dynamic downscaling approach, which nests the RCM over GCM in the region of interest, sometimes creates a systematic bias in the newly formed regional model domains. Multiple methods are adopted to remove or minimize these biases. According to Xu and Yang [5] , reanalysis-driven RCMs exhibit less bias than GCM-driven RCMs but their study is conducted in North America, which needs further analysis to assess their applicability in other regions of the world. In both cases, bias is an inevitable part of downscaling. Several feasibility studies have been conducted within the climate modeling community to mitigate these biases using spectral nudging techniques (e.g., [6] [7] [8] ). Kanamaru and Kanamitsu [9] , for example, minimized systematic RSM biases, through a combination of spectral tendency damping correction and areal averaging of temperature, humidity, and pressure. This scale-selective bias correction (SSBC) method may cause a number of problems to the lateral boundary relaxation, due to the effective reduction of largescale discontinuities near the boundary.
Kanamitsu et al. [10] refined the SSBC method by replacing spectral tendency nudging with field nudging, which removed the errors of large-scale interannual variability of the seasonal mean. This field nudging is applied only to the rotational component of the wind. This modified method reduces the model's synoptic and planetary scale errors. Their results showed improved accuracy for variables such as geopotential height, temperature, and wind at 500 hPa and agreed with the global analysis. However, the variables such as surface precipitation and near-surface temperature did not show a notable improvement in this category. This method by Kanamitsu et al. [10] is present by default in RSM. It will be referred to as SSBC_Def here.
Hong and Chang [11] revised the RSM SSBC_Def method (SSBC_New). The SSBC_New method applied full wind nudging and a vertically weighted damping coefficient. Alternatively, SSBC_Def applies a damping coefficient that is independent of height, which uses a small coefficient value as the default. The SSBC_New results of Hong and Chang [11] showed wind fields similar to the driving global analysis over East Asia, but it caused distortion of temperature and geopotential height. SSBC_New gradually reduced the vorticity nudging from the top of the model to the ground, which improved precipitation simulation results. The vertically weighted damping coefficient applied in SSBC_New gave a damping time scale of less than 2 h at 800 hPa and above, while it is greater than 6 h below 850 hPa (see Hong and Chang [11] Figure 1 , for a detailed description). Their 10-year sensitivity experiment simulation of June, July, and August (JJA) data for the CORDEX-East Asia domain further confirmed the superiority of SSBC_New over SSBC_Def in terms of capturing monsoon rainfall over East Asia.
The current study extends the application of previous SSBC schemes over the new domain of CORDEX-SA and focuses on the South Asian summer (JJA) and winter (DJF) monsoon seasons. The seasonal reversal of monsoon winds in South Asia is not fully understood, and therefore the winds and associated precipitation need to be studied in detail [12] [13] [14] [15] . These variables appear to act as controlling factors in shaping this regional rainfall phenomenon.
This study is based on downscaled global NCEP and Department of Energy (DOE) reanalysis-2 (R-2) data using RSM. The CORDEX-SA region covers a large area starting from the Middle East, East and South Africa, parts of Central Asia, all of South Asia, and parts of East and Southeast Asia. These regions lie within tropical and subtropical zones where, according to Hong and Chang [11] , the ageostrophic wind is more significant. It is therefore more sensitive to vertical weighted damping, which reduces the strength of nudging at lower atmospheric levels. SSBC_Def and SSBC_New are evaluated by considering both short-and long-term simulations including (i) an extraordinary summer (2005), (ii) 10 years of summer and winter simulations (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) , and (iii) very heavy precipitation analysis of 1981-1990. The reason of selecting this time period (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) ) is to make it coincide with our 20th century experiment of CORDEX-SA for which these sensitivity tests are conducted. Also, this time period will express the model's capability of performing in data sparse decade. This can be used as a baseline for the study of hindcast of this region.
The structure of this paper is as follows. Section 2 presents the experimental design, a description of SSBC methods, and the observation/reanalysis datasets used. Section 3 discusses the results obtained for both short-and long-term simulations with SSBC_Def and SSBC_New. Section 4 will present the conclusions drawn from this work.
Experimental Setup

Model and Datasets
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Figure 1: Regional model domain and orography (m) of the downscaling experiment for CORDEX-South Asia. The analysis zone is used throughout the experiment (indicated by an orange box) excluding the buffer zone (five grid columns from each side). Black boxes indicate the subdomains selected for study. The coordinates of analysis zone and subdomains are given in Table 1 .
in this research. The major physical process of RSM includes the simplified Arakawa Schubert (SAS) convection scheme [16] , the NOAH land surface model [17] , the Chou scheme for long-and short-wave radiation [18] , the planetary boundary scheme [19] , gravity wave drag [20, 21] , enhanced topography, and vertical or horizontal diffusion [19, 22] . Figure 1 shows the downscaling experimental region for CORDEX-SA, which extends from 7 ∘ E to 128 ∘ E and 20 ∘ S to 50 ∘ N. The horizontal grid spacing is ∼50 km. The number of grid points for west-east and north-south are 257 × 169. RSM follows a terrain sigma coordinate system, which includes 28 levels. R-2 of a 6 h dataset is used for the initial and lateral boundary conditions [23] . Five grid columns from the CORDEX-SA boundaries are deemed as buffer zone, while the main study is performed within the analysis zone. The analysis is performed on major domain, that is, CORDEX-SA, and multiple subdomains. These subdomains are selected based on their importance in receiving the influence of South and East Asian summer monsoon from its onset, propagation, and demise (end). A detailed description of the study areas is given in Table 1 , along with coordinates and abbreviations.
Tropical Rainfall Measuring Mission (TRMM) satellite monthly data 3B43 (ver. 7), with a spatial resolution of 0.25 ∘ × 0.25 ∘ , are used for the evaluation of JJA 2005 precipitation for both SSBC schemes (https://mirador.gsfc .nasa.gov/cgi-bin/mirador/presentNavigation.pl?tree=project spatial resolution of ∼80 km (T255 spectral) and (ii) NCEP Climate Forecast System Reanalysis (CFSR) 093.2 as a 6-h diurnal and regular monthly mean with 0.5 ∘ horizontal resolution [24] (similar resolution as this current experiment). Daily surface precipitation (mm day −1 ) from gauge based product of Asian Precipitation-Highly-Resolved Observational Data Integration Towards Evaluation of the Water Resources (ver. 1101; APHRO) [25] is used for the 10-year very heavy precipitation analysis. The precipitation events are defined as very heavy when they fall in the upper 1% of all the precipitation events. Therefore, the percentile values are used to calculate them. Due to the heterogeneity between APHRO and CMAP in terms of land and ocean coverage, we divide the analysis into two categories, that is, (a) land plus ocean relative to CMAP and (b) land only relative to APHRO. The comparison for 99th percentile precipitations is made on the basis of regional averages. The regional description is given in Table 1 .
It is important to mention that multiple datasets are used in this study based upon their spatial and temporal resolution and areal coverage. A detailed description of all the observation and reanalysis datasets is given in Table 2 . We also listed the known biases that exist in these datasets.
Scale-Selective Bias Correction Experiment. Both SSBC_
Def and SSBC_New methods of RSM are applied to the CORDEX-SA region. The short-term simulation is considered as a special case because of the unique heavy rainfall event that occurred in Maharashtra, Mumbai, India, on July 26, 2005, which caused considerable damage in the metropolitan area. The entire summer of 2005 is thus selected to run the SSBC_Def and SSBC_New to assess the performance of both correction methods. A 10-year analysis Table 3 (a) and Figure 2 , respectively. The R-2 dataset for surface precipitation is included for comparison, to assess how downscaling techniques add value over the coarse-resolution global reanalysis data. CMAP surface precipitation is also included to be consistent with the multiyear downscaling. The results of JJA, 2005, for CORDEX-SA show a higher spatial correlation (SCORR) (0.74) with the lowest rootmean-square error (RMSE; 3.17 mm d −1 ) for SSBC_New when compared with SSBC_Def and R-2. R-2 gave an RMSE of 3.61 mm d −1 with 0.66 SCORR (values not given in Table 3 for R-2) whereas SSBC_Def gave a higher RMSE (3.73 mm d −1 ) and lower SCORR (0.63; the lowest scores). By comparing the statistical results of both SSBCs with R-2, it can be seen that the downscaling technique enhanced RSM's ability in capturing surface precipitation when SSBC_New is used. However, it suppressed the model's ability when SSBC_Def is selected.
Results and Discussion
The most obvious feature of JJA, 2005, is the overestimated precipitation simulated by R-2 (Figure 2 Table 3 (a) for EIO scores). Another feature of this analysis is the spread of precipitation along the hills and mountains of South Asia [26] [27] [28] [29] . For example, SSBC_Def reflects less accurately the observed precipitation along the Western Ghats (WG) of India and, specifically, over the Mumbai region versus SSBC_New. Because of the coarse resolution, R-2 data do not show fine alignment of precipitation along the WG of India, which suggests the importance of high resolution in mountainous regions.
Subdomain analysis for JJA, 2005 ( Table 3 (a)), shows that, regardless of the subdomain selected for surface precipitation analysis, the results for SSBC_New are better than those for SSBC_Def, except for Myanmar (MN).
The CMAP (see Table 3 (b) and Figure 2 (b)) comparison with both schemes for CORDEX-SA and its subdomains shows improved results for SSBC_New versus SSBC_Def similar to those listed in Table 3 (a), with the only exception being the higher SCORR of SSBC_Def for WG. The reason for the improved precipitation obtained with SSBC_New may be attributable to the vertically weighted damping coefficient and full wind nudging of SSBC_New. SSBC_Def has a limitation for synoptic-to-planetary scale precipitation, similar to the findings of Hong and Chang [11] for CORDEX-EA.
10-Year Climatology Evaluation.
The results of simulated precipitation climatology for JJA and DJF are presented in Figure 4 , and their differences are presented in Figure 5 . The CMAP precipitation for JJA climatology presented a typical SAM pattern, from west to east with heavy precipitation along the WG of India, Bay of Bengal, and the highlands of MN. Both SSBC experiments simulated JJA climatology, but with greater wet bias over the abovementioned regions (see Table 4 ) further confirmed the improved performance of SSBC_New over SSBC_Def.
The winter climatology of CMAP (see Figure 4 (d)) shows the precipitation band below the entire equatorial belt covering all the regions beneath it. Both SSBC methods captured this winter climatology (see 5(d) ). Over the Indian Ocean, a prominent dry bias is observed in SSBC_Def, whereas SSBC_New shows a slight wet bias. The basic statistical score for DJF (see Table 4 ) shows a greater SCORR and lower RMSE for SSBC_New than SSBC_Def. One reason for a dry bias over the oceans can be a systematic bias from the boundary conditions (see Table 2 ). R-2 is known for less moisture availability over the oceans, meaning that the Additionally, the improved performance of SSBC_New may be attributable to the advantage of incorporating a vertical weighting factor [11] . Also, the addition of a divergent wind component to nudging improved the wind and mass balance. Thus, due to the natural behavior of ageostrophic winds in the lower atmosphere, it impacted the precipitation simulation of SSBC_New in a positive way, versus SSBC_Def. In order to enhance our confidence in simulated climatology by both schemes, an additional analysis is performed using APHRO observations (see Figure 6 ) in JJA and DJF. The findings of this comparison using land only dataset show the same results as those obtained from CMAP comparison which means that SSBC_New is capable of simulating one season and decadal seasonal climatology fairly well. Figure 7 presents the seasonal variation of surface precipitation climatology for the CORDEX-SA and its subdomain regions. Comparison of CMAP observations with both SSBC types shows that SSBC_Def underestimated the seasonal variation of surface precipitation throughout the series, while SSBC_New exhibited a close approximation to the observed seasonality. Exception is found for WG where SSBC_Def performs well than SSBC_New. It is also important to mention that CMAP observation data are greatly dependent on the quality of the input data. However, it is encouraging to see that SSBC_New shows surface precipitation seasonality closer to CMAP than SSBC_Def. Figure 8 (a) shows the comparison of RMSE for annual precipitation (mm d −1 ) from 1981 to 1990 for CORDEX-SA. It is evident from the score of errors that the SSBC_Def has a higher error rate than SSBC_New throughout this period. Furthermore, the mean of 10-year RMSE is shown for both SSBC methods (see Figure 8 (b)), with standard deviations indicated by the error bars, to differentiate the statistics in both schemes. It is confirmed from the time-series analysis that using the new scheme for the original longterm CORDEX-SA (1980-2005) experiment would be more reasonable.
The SSBC method described by Kanamaru and Kanamitsu [30] considers, by correction, the damping of the longwave spectral coefficients of zonal and meridional wind. SSBC reduces the perturbations of the average regional temperature and humidity to zero. It also corrects the surface pressure between the RCM and the global field. Therefore, further climatology simulated by both SSBC methods is evaluated for the abovementioned variables. Figure 9 and Table 5 present the seasonal climatology of the wind vector and relative humidity at 850 hPa for both SSBC methods against ERA-interim. The results of JJA wind vectors show a similar wind bias for both SSBC simulations (see from boundary conditions). Alternatively, SSBC_New shows less dry bias owing to the large RH present in the region (see Figure 9 (c)). Similarly, the surface precipitation wet biases observed in Figures 5(a) and 5(b) along the Eastern and WG of India and MN may be associated with an overestimated wind vector near these regions by both SSBC methods (see Figures 9(b) and 9(c)). These overestimated winds, directed from the ocean towards the land, are assumed to hit the mountains of these regions, causing more surface precipitation than the observed. The DJF analysis of wind vectors in SSBC_Def simulations (see Figure 9 (e)) shows overestimations around 70 ∘ E to 90 ∘ E directed towards the south, which explains the wet bias observed in Figure 5 (c) over this region. Table 5 presents the basic RMSE and SCORR of the wind vectors and RH for both schemes. The statistical scores of both variables (wind vector and RH) are higher for the SSBC_New than SSBC_Def method in JJA and DJF. The mechanism considered to be behind the improved score of the new scheme can be attributed to the introduction of full wind nudging, which allowed the ageostrophic wind to behave as in nature. This leads the model to simulate wind, surface precipitation, and RH more accurately during the process of downscaling. SSBC_Def applies nudging only to the rotational wind component, which is considered insufficient to simulate the abovementioned variables for South Asia. Figure 10 presents the geopotential height (HGT) and air temperature (TMP) at 850 hPa (Figures 10(a) and 10(d) ) for the ERA-interim and the SSBC difference from ERA-interim as JJA (Figures 10(b) and 10(c)) and DJF (Figures 10(e) and 10(f)). A positive HGT bias is seen at lower latitudes for JJA in both SSBC methods. At higher latitudes, SSBC_Def shows a slightly more negative bias in Central Asia than SSBC_New. Specifically, Turkmenistan (59.55 ∘ E and 38.96 ∘ N) shows a negative HGT bias in both SSBC methods. Consistent with JJA, DJF also shows a positive bias at lower latitudes and a negative bias in Central Asia. In DJF, the negative bias is more obvious in SSBC_New climatology than SSBC_Def. The basic score (Table 5) shows that SSBC_New has smaller RMSE scores than SSBC_Def in JJA, which has higher SCORR. In DJF, SSBC_Def overall shows better results than SSBC_New.
The TMP results for JJA show a warm bias over Turkmenistan for both SSBC methods. Another warm bias is observed over Central Africa, which is overestimated more by SSBC_Def than SSBC_New. A third warm bias is observed in SSBC_Def simulations that covered the midwestern parts of Pakistan and is further extended to the east, towards central India in the SSBC_New simulations. One possible reason for observing the warm bias in both schemes (especially over Turkmenistan) is the known positive temperature bias in Table 5 : Comparison of the root-mean-square error (RMSE) and spatial correlation (SCORR) of SSBC_Def and SSBC_New for variables such as the wind vector (m s −1 ), relative humidity (%), temperature ( ∘ C), and geopotential height (m) at 850 hPa from the ERA-interim (see Figures 9 and 10 Figure 9 but for the 850 hPa geopotential height (contour, m) and the air temperature (shaded, ∘ C) difference between JJA and DJF, 1981-1990. The red color is for warm and the blue is for cold bias. The statistically significant regions at 99% confidence level shaded as black dots. The solid black contour is for positive and the green is for negative geopotential height bias, respectively.
ERA-interim, especially under the 850 hPa level towards the Artic regions. Thus, it is possible that both SSBC schemes simulated the TMP fairly well but, due to a systematic bias in ERA-interim, their performances are underestimated. In contrast, a cold bias is observed over the Arabian Sea and extended towards North Africa. SSBC_New overestimated this cold bias to a greater degree than SSBC_Def, along with the overestimation of HGT by SSBC_New over this region. The HGT and TMP relationship fluctuated in the subtropical zone (15 ∘ N-30 ∘ N). In JJA, it is observed that the positive HGT bias is accompanied by a negative TMP bias. In DJF, it became a negative HGT with a negative TMP bias. Thus, more transition is observed in the subtropical zones, which altered in both seasons. A special case is observed for the JJA over the Pakistan region. It shows a similar pattern to the tropical zone, with positive HGT bias plus positive TMP bias over most of its central parts.
The basic statistical scores for TMP are presented in Table 5 , which shows a higher SCORR and lower RMSE for SSBC_Def for both seasons, indicating that the temperature correction applied in both SSBC schemes is more suitable for SSBC_Def which helps in simulating the air temperature at lower atmospheric levels. SSBC_New shows SCORR similar to SSBC_Def in DJF but with higher RMSE.
An additional analysis is performed for the wind vector, RH, HGT, and TMP using the NCEP-CFSR dataset for JJA and DJF of 1981-1990 to enhance our confidence in the findings above. The results of the basic scores are given in Table 6 . The finding of this analysis shows the similar results as those obtained by the comparison with ERA-interim. Thus, it is confirmed from this sensitivity study that the largescale bias reduction features are well simulated in SSBC_Def, which may be one reason why we obtained better scores for TMP and HGT, but this needs further analysis.
Based upon the validation of both SSBC schemes at 850 hPa with ERA-interim and NCEP-CFSR, it is summarized that SSBC_New best captures RH in both seasons by all subdomains except for WG. Wind is simulated well by SSBC_New in JJA and by SSBC_Def in DJF. For TMP, overall in both seasons, the SCORR is higher in SSBC_Def but RMSE is lower in SSBC_New. Similar results are obtained for HGT for both schemes but only for JJA. For DJF, the performance fluctuates showing no visible trend over the subdomains except for EIO, which is well simulated by SSBC_New. (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) . The results for the 10-year very heavy precipitation analysis (99th percentile) for the selected domains are shown in Figures 11(a) and 11(b) and in Table 7 , respectively. Figure 11 (a) shows CMAP bars as blue, SSBC_Def as red, and SSBC_New as aqua color. The comparison of SSBC schemes relative to CMAP observations shows closer proximity of 99th percentiles when the domain size is large (see, e.g., CORDEX-SA, SA, and EIO). For smaller domains (such as MN and WG), the 99th percentiles are overestimated by both schemes. The overestimations are larger in SSBC_New than SSBC_Def. One possible reason of the overestimation by both schemes can be the coarse resolution of CMAP over the smaller domains, which cannot capture the very heavy precipitation events. Figure 11(b) shows the comparison of SSBC schemes relative to APHRO. The bar color for APHRO is green while the colors for both schemes are the same as those in Figure 11(a) . Please note that all the ocean parts for this figure are masked to eliminate any inconsistency between model and observation coverage (e.g., the absence of EIO in comparison). The results of this analysis show almost similar findings as those obtained for Figure 11 (a) for larger domains. However, for smaller domains, the results look more promising than CMAP for WG. The comparison between SSBC schemes shows that, for CORDEX-SA domain, the SSBC_New shows more similar percentiles as APHRO but when moving to subdomain levels, SSBC_Def takes over the place of SSBC_New in performance. There are a number of probable reasons for such behavior. The one prominent reason of SSBC_New's overestimated percentile can be related to the wet bias observed in JJA seasonal climatology (see Figures 4, 5, and 6) over WG. It is also crucial to mention the known bias in the observation data as well. APHRO is known for the heterogeneity of its spatial and temporal coverage (especially over India). Thus, while keeping the limitations of both datasets in view, the results of this analysis can lead us to multiple interpretations. These include (i) the effect of observation resolution, (ii) the size of domain, and (iii) the land-ocean coverage. Overall, the summation of this analysis can be in the favor the SSBC_Def percentiles when coarse observation data is used and vice versa for SSBC_New.
Very Heavy Precipitation Analysis
Summary and Concluding Remarks
The objective of this sensitivity study was to fulfill the purpose of the CORDEX experiment, which emphasized the use of improved downscaling techniques and their applications in impact studies [31, 32] . This sensitivity study applies the scaleselective bias correction (SSBC) method of Kanamitsu et al. [10] and Hong and Chang [11] , developed for RSM on our domain of CORDEX-SA. The former was named SSBC_Def and the latter SSBC_New. The SSBC_Def method applies (i) nudging only to the rotational wind components and (ii) the vertical weighted factor which was constant (a small coefficient was selected by default). SSBC_New on the other hand (i) applies nudging to the full wind components and (ii) considers the vertically weighted damping coefficients, which vary with the atmospheric levels.
A broad community will use the selected technique; therefore, our purpose was to analyze the strengths and weaknesses of the selected method. This could be achieved by evaluating and quantifying their performance, in analyzing the selected issues or events [33] .
Both schemes were assessed in two time frames. One was the short-term summer of 2005, focusing on precipitation, and the second was the climatological experiment, focusing on 10 years (1981-1990) of surface precipitation. The results of these experiments showed that SSBC_New outperformed SSBC_Def in terms of capturing the precipitation on seasonal and climatological scales. The decadal climatology will remain the focus of further analyses. The results of seasonal variability of monthly precipitation and time series of root-mean-square error for annual precipitation further confirmed the advantages of the new scheme.
The new scheme is recommended as a reasonable option when applying dynamic downscaling over South Asia using the regional spectral model (RSM). The improved performance of SSBC_New is attributable to both vorticity nudging, which decreases gradually from higher levels towards the ground surface, and the vertical weighted damping coefficient. Their combined effect helped the RSM model to simulate the surface precipitation more realistically than SSBC_Def. The full wind nudging applied in SSBC_New yields improved results for wind vector and relative humidity at lower tropospheric levels.
SSBC_Def did not show a higher score for surface precipitation, wind, or relative humidity; however, the results of air temperature and geopotential height are notably better than SSBC_New. Thus, SSBC_Def is suitable for air temperature and geopotential height, for the specified time period used in this study, and for the analyzed seasons.
Based on this sensitivity study, it can be concluded that SSBC_New is applicable to CORDEX-SA. It is suggested that this new SSBC method may be independent of domain restrictions, but further analysis is required. The use of the SSBC_New scheme will depend on the user's requirements. In this current research, the improved precipitation, wind pattern, and relative humidity gave satisfactory results, which fulfilled the requirements of preliminary sensitivity experiments. These results suggest that SSBC_New is suitable for reliable long-term analysis and will facilitate future studies.
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